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We report perfect two photon quantum interference with near-unity visibility in a resonant tunneling plasmonic
structure in folded Kretschmann geometry. This is despite absorption-induced loss of unitarity in plasmonic
systems. The effect is traced to perfect destructive interference between the squares of amplitude reflection and
transmission coefficients. We further highlight yet another remarkable potential of coincidence measurements
as a probe with better resolution as compared to standard spectroscopic techniques. The finer features show
up in both angle resolved and frequency resolved studies. c© 2018 Optical Society of America
OCIS codes: 240.6680, 270.0270, 240.7040
In recent years single photons [1, 2], besides being
of fundamental interest in quantum information proto-
cols, are finding applications in diverse areas like quan-
tum metrology [3], target detection [4], quantum imag-
ing [5,6], etc. One naturally seeks a chip-level realization
of many of these concepts and devices. In view of the
tremendous advancements in theoretical and technologi-
cal aspects in recent times, plasmonic systems are possi-
ble candidates for such implementations. There has been
a great deal of research in probing the potentials of plas-
monics for single-photon based devices. The main dis-
advantage of plasmonics in this context stems from the
unavoidable losses due to the presence of metal, which
gets accentuated near the surface and localized plasmon
resonances. Key concepts like unitarity are lost. Thus the
initial attempts on fusing plasmonics with single photons
was to check whether the quantum features survive the
passage through plasmonic structures. Plasmon assisted
transmission of polarization entangled photons through
a sub-wavelength array of holes was demonstrated [7].
A similar effect in terms of energy-time entanglement
was reported later [8]. The excitation of single plasmons
was demonstrated in several experiments. Heralded sin-
gle plasmons were excited using entangled photons gen-
erated by spontaneous parametric down-conversion [9].
In yet another experiment a CdSe quantum dot was ex-
cited in the near vicinity of a silver nanowire to generate
the single plasmons [10]. The Hong-Ou-Mandel (HOM)
dip [1] was achieved in both these experiments. A chip-
level implementation of the HOM interference using a
plasmonic circuit was realized very recently [11].
In all the reported experiments on HOM interference
in plasmonic systems, the dip never reaches the null
level, since perfect unitarity is lost due to the presence of
losses. In this letter we show that by a clever design of the
system one can convert the disadvantage of plasmonics
into a positive advantage. Indeed, one can realize perfect
two photon quantum interference (TPQI) with visibility
unity, when the coincidence count is reduced to the null.
Fig. 1. Schematic view of (a) the generic system
and (b) the symmetric gap plasmon guide where two
Kretschmann configurations are put together with a
spacer gap.
We also show that TPQI can be used as an efficient probe
in plasmonic systems, since it offers a better resolution
as compared to standard spectroscopic techniques. This
is in contrast to super resolution studies of phase in opti-
cal interferometer [3]. Here we show TPQI to be a better
probe of a resonance which is characterized by losses.
The complete destructive interference in perfect TPQI
in a lossy system is somewhat reminiscent of recently re-
ported coherent perfect absorption (CPA) where there
is a near-total suppression of scattering (simultaneous
null transmission and null reflection) leading to interest-
ing applications [12–15]. We present the necessary and
sufficient conditions of having TPQI with an example of
a plasmonic system of a folded Kretschmann configura-
tion (KC) with a gap between the folded parts (other-
wise known as a gap plasmon guide [15]). In our system
finite transmission is ensured through resonant tunnel-
ing [16] via the excitation of the coupled surface plas-
mons. Note that simultaneous fulfillment of conditions
for perfect TPQI and CPA is ruled out because of the
conflicting phase relations for them. Further, we reveal
yet another important feature of application potentials of
TPQI. We propose two photon correlation as a spectro-
scopic probe with better resolution capabilities as com-
pared to the standard attenuated total reflection (ATR)
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studies of intensity reflection or transmission. Features
barely discernible in the latter can be captured in the
two photon correlation spectra.
Consider a generic situation shown in Fig.1a. Let a and
b (c and d) represent the Heisenberg operators for the in-
put (output) quantum fields. The Heisenberg operators
a, b, c and d and their adjoints satisfy the bosonic com-
mutation relations. Since one excites the plasmon modes
(both surface and bulk) in the plasmonic medium where
the absorptionn is also important, the output fields are
realted to the input fields via
(
c
d
)
= S
(
a
b
)
+
(
fa
fb
)
, S =
(
α β
γ δ
)
(1)
where fa and fb represent the quantum noise sources
so that the output fields satisfy commutation relations
[c, c†] = [d, d†] = 1, [c, d†] = 0. The noise sources have
the property that they do not contribute to the normally
ordered correlations of the output field. The transform-
tion matrix S, which depends on the optical properties
of the plasmonic material, is not unitary
S†S 6= 1, SS† 6= 1. (2)
On the contrary when unitarity holds, the elements of S
satisfy the following
|α|2 + |γ|2 = 1, |β|2 + |δ|2 = 1, α∗β + γ∗δ = 0. (3)
At the output the physical quantities that one can mea-
sure are the mean number of photons Ic =< c
†c >,
Id =< d
†d > and the coincidence probability Cq =<
c†cd†d > for measuring one photon in each of the modes
c and d. The measured quantities will depend on the
state of the input fields. We will consider two cases to
highlight the importance of using single photons for plas-
monic studies. We will assume that the input state is
either a single photon state |1, 1 > or a coherent state
|u, v >. Using (1) it is easy to show that
Icq = |α|2 + |β|2, Icc = |αu + βv|2,
Idq = |δ|2 + |γ|2, Idc = |γu+ δv|2,
Cq = |αδ + βγ|2,
Cc = |αu + βv|2|γu+ δv|2 = IccIdc. (4)
The subscripts c and q represent results with classical
and quantum fields, respectively. The first subscripts in
Eq.(4) refer to the field states. Cc is the coincidence
measurement results obtained with classical fields. We
note that the vanishing of Icc and Idc, and consquently
Cc gives the coherent perfect absorption, which crealy
does not occur if there is no absorption. Further note
that for coherent fields, the coincidence measurement
gives no new information. For quantum fields and in par-
ticular for the case of single photons, Icq and Idq can
never vanish. However, the coincidence measurement Cq
involves a coherent sum of two distinct contributions and
can in principle be zero even in presence of absorption.
Fig. 2. Dispersion diagram for the gap plasmon guide
for (a) the intensity reflection coefficient R and (b) the
quantum correlation parameter Cq for d1 = d3 = 48 nm,
d2 = 450 nm, ǫi = ǫf = 2.28, ǫ2 = 1.0.
We call this possibility as perfect TPQI. This is to dif-
ferentiate it from the case when one uses two very weak
coherent beams at single photon level. Although our dis-
cussion was in the context of a plasmonic system, our
results are equally valid for other systems like optical res-
onators [17], where resonant modes could be selectively
excited.
Having discussed the general features we now analyze
a specific symmetric structure shown in Fig.1b. Our pro-
totype system consists of two folded Kretschmann con-
figurations (KC) separated by a spacer gap. The mo-
tivation for choosing such a structure is to have reso-
nant tunneling through the gap barrier via the excita-
tion of the coupled plasmon modes. For sufficiently thin
gap layer the plasmons of the top and bottom gap/metal
interfaces can be coupled to lead to the symmetric and
antisymmetric modes. These are not the same as the
usual coupling in Sarid geometry through the metal film
leading to long range and short range modes. Because of
coupling through a non-lossy dielectric (gap), the decay
rates are comparable and such structures are some times
referred to as gap plasmon guides [15]. Note that trans-
mission through a standard KC is null since the waves
are evanescent below the metal film when plasmons are
excited. Let p-polarized signal and idler photons origi-
nating from a SPDC or any other single photon source
be incident on the system from both sides as shown in
figure. We further assume identical illumination u = v
for coherent input. For a symmetric structure α = δ = r,
β = γ = t, where r and t are the amplitude reflection and
transmission coefficients, respectively [18]. Then Eq.(4)
simplifies to
Icq = R+ T = Idq,
Cq = |r2 + t2|2 = (R− T )2 + U2,
Cc = |u|2|r + t|4 = |u|2(R+ T + U)2, (5)
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Fig. 3. (a) Intensity reflection R (solid curve), transmis-
sion T (dashed curve) coefficients and unitarity param-
eter U (dotted), (b) Cq (solid) and Cc (dashed-dot) as
functions of wavelength λ for θ = 45◦. Other parameters
are as in Fig. 2.
where
U = r∗t+ rt∗ = 2
√
RT cos(∆φ), |r|2 = R, |t|2 = T.
(6)
R and T are the intensity reflection and transmission
coefficients, respectively. ∆φ = φr − φt with φr and φt
giving the phases of the amplitude reflection and trans-
mission coefficients, respectively. The parameter U (here-
after referred to as the unitarity parameter) is nonzero
for the plasmonic structure near resonant frequencies.
It is clear from Eq.(5) that Cq = 0 if R = T, U = 0.
For these conditions Cc 6= 0 classical CPA is ruled out.
The classical CPA occurs when U 6= 0 and is equal to
−(R+T ). We also note that in a nonabsorbing structure
U = 0, and for R = T = 1/2 one has Cq = 0. These are
the conditions when HOM dip would occur.
Eq.(5) clearly justifies the choice of our resonance tun-
neling plasmonic structure, where the excitation of the
plasmons are essential for having finite transmission and
they are bound to leave their imprint on the two pho-
ton or two beam correlation spectra. We now show that
quantum correlation spectra can offer a finer probe as
compared to the usual attenuated total reflection (ATR)
spectra of intensity reflection and transmission.
The results for intensity reflection coefficient R and
the quantum correlation parameter Cq as functions of
angle of incidence θ and wavelength λ are shown in Figs.
2a and 2b. The following set of parameters were used
for calculations d1 = d3 = 48 nm , d2 = 450 nm,
ǫi = 1 = ǫf = 2.28, ǫ2 = 1, while gold was used for
the metal films and ǫ1 = ǫ3 for gold was taken from the
work of Johnson and Christie [19]. One can easily see the
familiar splitting leading to the two branches due to the
symmetric and the antisymmetric coupled modes. How-
ever, the correlation spectra have more details and finer
features enabling one to have a better resolution both in
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Fig. 4. Same as in Fig. 3 except that now d2 = 750 nm.
Other parameters are as in Fig. 2.
angle resolved or wavelength resolved studies. In order to
show this more clearly we have plotted the relevant quan-
tities in Figs. 3a and 3b for a specific angle of incidence
θ = 45◦. Indeed the features in Cq near split mode res-
onances are sharper due to the emergence of additional
minima. The minima in Cq occur when R = T and they
can be easily explained using Eq. (3). For example, for
the leftmost minimum in Fig.3b, there is an increase in
both R−T and U as one moves away from the minimum
to the right. For movement to the left R − T increases
faster than the decease in U , leadining to an increase in
Cq from the minimum value. The emergence of sharper
features in Cq can be utilized to resolve better the emer-
gent normal mode splitting for smaller coupling when
the gap width d2 is increased and when the responses
in terms of R and T do not show the splittings clearly.
One such case is shown in Fig. 4 for d2 = 750 nm. One
cannot infer about the split normal mode wavelengths
by looking at R and T in Fig.4a, while it can be easily
done by inspecting Cq (Fig.4b).
One can naturally enquire about how the quantum
correlation results differ from the classical analogue. In
fact, the expression for the classical correlation parame-
ter Cc is just the square of the total scattering on either
side of the system |r + t|2 and a zero in the total scat-
tering heralds the onset of CPA [13]. The minima in Cc
occur near the CPA condition R+T+U ∼ 0 (see Figs. 3b
and 4b). Needless to stress that the classical correlation
is unable to capture the details of the split modes.
We now show that it is possible to have near-complete
destructive interference (leading to Cq ∼ 0) with the
single photons in the lossy system. The complete cancel-
lation with perfect TPQI is shown in Fig. 5, where we
considered thinner gold films with d1 = d3 = 30 nm
d2 = 640.2 nm at λ = 650 nm. In order to further
demonstrate the flexibility of the system we have plotted
the relevant quantities as functions of angle of incidence.
As can be seen from 5b, the quantum correlation pa-
rameter Cq can drop to 10
−6 at about θ = 43.64◦. In
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Fig. 5. (a) R (solid), T (dashed) and U (dotted), (b) Cq
(solid), and Cc (dashed) as functions of θ for λ = 650 nm
and d1 = 30 nm, d2 = 640.2 nm. Other parameters are
as in Fig. 2.
the context of classical correlation Cc, the system is far
away from the CPA condition leading to a feeble dip.
In order to have a deeper insight in the perfect TPQI
we collected all the relevant physical quantities R, T , U ,
∆φ and show them in an expanded plot near θ = 43.64◦
in Fig. 6. The vertical line marks the angle θ = 43.64◦,
while the horizontal lines indicate U = 0 and ∆φ = π/2.
It is clear from Fig. 6 that the perfect TPQI occurs when
the conditions ∆φ = π/2, R = T 6= 1/2 and U = 0
are simultaneously satisfied. In fact, ∆φ = π/2 implies
U = 0 for finite R and T (see Eq.(6)). In other words
phase difference between r2 and t2 is π, enabling destruc-
tive interference in Cq. Further R = T ensures complete
cancellation leading to Cq ∼ 0 implying perfect TPQI.
Note that the TPQI dip occurs when R = T and not
at the split mode resonances. As mentioned earlier, in
view of the inherent absorption due to metal films the
perfect unitarity is lost and the perfect TPQI can be
treated as a generalization of the HOM dip for lossy sys-
tems. In fact, unitarity is restored to the maximal extent
(U = 0, R + T 6= 1) in perfect TPQI, while the pure
HOM dip requires full unitarity.
In conclusion, we have revealed new features of TPQI
in the context of plasmonic structures which are intrinsi-
cally lossy. We demonstrated how TPQI can be used as
a better probe of plasmonic resonances. Even the over-
lapping plasmonic resonances can be resolved by TPQI.
We discussed the possibility of perfect TPQI and gave
conditions for its occurence.
One of the authors would like to thank Shourya and
Kenan for help in the preparation of the code and the
diagrams.
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